Methods: National Adult Cardiac Surgery Audit data for coronary artery bypass graft (CABG), or valve surgery performed in England between April 2003 and March 2013, were analysed. Base hospitals in England were divided into geographical regions. Social deprivation was measured by quintile groups of the index of multiple deprivation (IMD) score with the first quintile group (Q1) being the least, and the last quintile group (Q5) the most deprived group. In-hospital mortality and midterm survival were analysed using mixed effects logistic, and stratified Cox proportional hazards regression models respectively.
Results: 240 221 operations were analysed. There was substantial regional variation in social deprivation with the proportion of patients in IMD Q5 ranging from 34.5% in the North East to 6.5% in the East of England. Following adjustment for preoperative risk factors, patients undergoing all cardiac surgery in IMD Q5 were found to have an increased risk of in-hospital mortality relative to IMD Q1 (OR=1.13; 95%CI 1.03 to 1.24), as were patients undergoing isolated CABG (OR=1.19; 95%CI 1.03 to 1.37). For midterm survival, patients in IMD Q5 had an increased hazard in all groups (HRs ranged between 1.10 (valve+CABG) and 1.26 (isolated CABG)). For isolated CABG, the median postoperative length of stay was 6 and 7 days, respectively, for IMD Q1-Q4 and Q5.
Conclusions: Significant regional variation exists in the social deprivation of patients undergoing cardiac surgery in England. Social deprivation is associated with an increased risk of in-hospital mortality and reduced midterm survival. These findings have implications for health service provision, risk prediction models and analyses of surgical outcomes.
INTRODUCTION
Social deprivation has been described as an important variable influencing outcomes in cardiovascular disease with more socially deprived populations having a significantly lower life expectancy. [1] [2] [3] Despite some evidence that social deprivation may influence outcomes following cardiac surgery, specific measures of social deprivation are absent from the majority of risk-scoring models applied to cardiac surgery.
The levels of social deprivation in subpopulations served by different centres have not been previously described in a national study covering England. A large population study looking at social deprivation involving five cardiac centres pointed towards an important influence of social deprivation on outcomes after cardiac surgery. 4 The aim of this study was therefore to determine whether geographical variations exist in the social deprivation of patients undergoing cardiac surgery in England, and to investigate whether social deprivation influences outcomes following cardiac surgery.
Strengths and limitations of this study
▪ There is some evidence that social deprivation may influence outcomes following cardiac surgery, but specific measures of social deprivation are generally not considered in cardiac surgery risk modelling or outcome analyses. ▪ A large national registry of nearly a quarter of a million patients undergoing cardiac surgery over a 10-year period is analysed with respect to social deprivation for the first time. ▪ Results show an adverse association between increasing social deprivation and poorer outcomes following cardiac surgery. ▪ Data on the cause of death was unavailable, meaning it is not possible to comment on mode of death, and how this may have been influenced by environmental factors, obesity, diabetes, smoking or access to healthcare.
METHODS Data
Prospectively collected data were extracted from The National Institute for Cardiovascular Outcomes Research (NICOR) National Adult Cardiac Surgery Audit (NACSA) registry on 14 January 2014 for adult cardiac surgery procedures performed in the UK. As described elsewhere, reproducible algorithms were applied to the database in order to clean the data. (6) missing primary outcome data.
Study variables
Each operation was recorded as (1) CABG, (2) valve surgery or (3) valve+CABG surgery. The logistic EuroSCORE was calculated for each record. 6 Variable definitions are available at http://www.ucl.ac.uk/nicor/ audits/adultcardiac/datasets. Data were also extracted for the non-EuroSCORE risk factors of body mass index (BMI) and smoking history (current/ex-smoker or never smoked). Missing categorical or dichotomous variable data were imputed with the mode with missing continuous variables data imputed with the median.
The IMD score is a calculated deprivation score for a geographical area inhabited by at least 1000 people. The IMD is based on income deprivation; employment deprivation; health deprivation and disability; education, skills and training deprivation; barriers to housing and services; crime and disorder; and living environment and is an established score for investigating social deprivation and cardiovascular disease outcome. 7 For this study, the individual components of the IMD score were not available. The overall IMD score was grouped into five equal-sized groups using the quintiles as thresholds, with quintile group one (Q1) being the least deprived group and quintile group five (Q5) the most deprived group. Patients were assigned to a geographical region in England based on the location of the base hospital, not private residency.
Outcome variables
The primary outcomes were in-hospital mortality and midterm survival. The secondary outcome was prolonged postoperative length of stay (PLOS) which was defined as >14 days hospital stay following the index operation, regardless of whether the patient was discharged alive or dead. This adverse outcome is a routine quality measurement applied by the US Society of Thoracic Surgeons. 8 Patients who died in-hospital on the day of surgery were recorded as having a nominal survival time/PLOS of 0.5 days. Postdischarge survival data was collected by linking patient NHS numbers to the National Health Service Central Register. The last date of census was 30 July 2013. PLOS data was compared on a case-complete basis.
Statistical analysis
To assess whether social deprivation is an independent predictor of in-hospital mortality, multiple logistic mixed-effects regression models were fit for the complete data set ('all cardiac surgery') and each operation subgroup. IMD quintile groups, logistic EuroSCORE, BMI and smoking history were included as independent variables. The logistic EuroSCORE was included in the in-hospital mortality model through a logit (log-odds) transformation. BMI was included in the model using restricted cubic spline functions on 5 knots. 9 Other parameterisations of BMI were examined without any considerable change in inferences. As patients in the same hospital are likely to be clustered, the operating hospital was included using a random intercepts model. The integrated discrimination improvement (IDI) between models with and without IMD quintile was calculated, and whether the measure was statistically different from zero was tested. 10 Midterm survival data are presented as unadjusted Kaplan-Meier graphs stratified by IMD quintile and compared using the log-rank test. To assess whether social deprivation is independently associated with midterm survival, Cox proportional hazards regression models were fit for the complete data set, and each operation subgroup with the baseline hazards function stratified on hospital. IMD quintile groups, BMI, logistic EuroSCORE and smoking history were included as independent variables. BMI was included as per the in-hospital mortality analysis. The logistic EuroSCORE was included in the model using restricted cubic spline functions applied to the a priori natural logarithm transformation with 4 knots.
The proportional hazards assumption for IMD quintile was assessed by means of plotting the complimentary log-log function for the Kaplan-Meier prior to model fitting. Following regression, the Grambsh and Therneau test 11 was used to assess each variable individually for evidence of proportional hazards assumption violation. Smoking status violated the proportional hazards assumption so the baseline hazards were further stratified on this variable.
As EuroSCORE and BMI are only used for adjustment purposes, the associated effect sizes for these variables have not been reported. To assess whether any potential differential effects from patient and operative risk factors was masked by the composite logistic EuroSCORE, the Cox proportional hazards regression model was refitted for the all-cardiac surgery data with the constituent risk factors of the EuroSCORE.
Risk-adjusted prolonged PLOS was compared between IMD quintile groups using a mixed effects logistic regression model with the same adjustment terms as per the in-hospital model. All CIs reported in this study are approximate 95% intervals calculated as ±2 SE. All analyses were performed in R V.3.0.2. 12 Logistic mixed effects models were fitted using the lme4 package (V.1.0-5), and survival models were fitted using the survival package (V.2.37-4). 13 14 In all cases, a p value <0.05 was considered statistically significant.
RESULTS

Patient characteristics
There were 263 125 patient records identified for the study period, of which 9161 (3.5%) met exclusion criteria 1-3. A further 13 621 records (5.4%) were excluded due to missing IMD score, and 122 (0.1%) were excluded due to missing primary outcome data. The final cohort included 240 221 records from 31 hospitals, of which 156 498 (65.1%) underwent isolated CABG, 50 960 (21.2%) underwent isolated valve surgery, and 32 763 (13.6%) underwent valve+CABG surgery. All data were missing in <2.0% of records except for BMI (2.3% of records); serum creatinine (5.0%); active infective endocarditis (2.8%); and pulmonary hypertension (7.0%).
IMD score quintile groups were defined as follows: Q1 (IMD <8.53; n=48 095); Q2 (8.53≤ IMD <13.56; n=48 061); Q3 (13.56≤ IMD <20.45; n=48 011); Q4 (20.45≤ IMD <33.05; n=48 017) and Q5 (IMD ≥33.05; n=48 037). There was substantial hospital-level geographical variation in the IMD scores of patients undergoing cardiac surgery as shown in figure 1 . The proportion of patients in IMD Q5 ranged from 34.5% in the North East of England hospitals to 6.5% in East England hospitals. Summary statistics for logistic EuroSCORE, BMI, smoking history and IMD quintile by surgery group are shown in table 1. An increase in both BMI and the proportion of patients with a smoking history with increasing IMD quintile was observed.
In-hospital mortality The overall in-hospital mortality was 2.3% (n=5427); 1.4% for CABG (n=2262); 2.7% (n=1397) for valve surgery; and 5.4% (n=1768) for valve and CABG surgery. The unadjusted in-hospital mortality rate for all cardiac surgery ranged from 2.2% (n=1049) in IMD Q1 to 2.4% (n=1147) in IMD Q5. Following adjustment for logistic EuroSCORE, BMI and smoking history, patients undergoing all cardiac surgery in IMD Q4-5 were at an increased risk of in-hospital mortality as shown in figure 2 . The same was observed for patients undergoing isolated CABG.
For patients undergoing isolated valve surgery, or combined valve+CABG surgery, IMD quintile group was not significantly associated with in-hospital mortality. For allcardiac surgery, isolated CABG or valve+CABG surgery the IDI was not significant ( p>0.05). The IDI was marginally significant in the isolated valve surgery group ( p=0.049). Overall, IDI was commensurate with increases in discrimination, measured by difference in area under the receiver operating characteristic curve, of between 0.0004 and 0.0007 when IMD quintile was included in the models.
Survival
There were 1 167 090 patient-years of follow-up, with a median follow-up time of 4.8 years (range 0.5 days to 10.3 years). There were 956 (0.4%) patients only followed up to the point of discharge. The Kaplan-Meier graphs by IMD quintile group for each surgery group are shown in figure 3 . Ten-year survival for all-cardiac surgery ranged from 69.8% in IMD Q1 to 66.8% in IMD Q5 ( p<0.001). The largest absolute differences were observed for isolated CABG group, with 10-year survival ranging from 75.8% for IMD Q1 to 70.7% for IMD Q5 ( p<0.001). For valve+CABG surgery, there was no significant difference between the IMD groups in 10-year Figure 1 The proportion of patients undergoing all-cardiac surgery in each index of multiple deprivation (IMD) quintile group by geographical area. survival ( p=0.31). For isolated valve surgery, the 10-year survival estimates ranged from 63.9% for IMD Q1 to 62.3% from IMD Q5 ( p<0.001). Following adjustment for logistic EuroSCORE, BMI and smoking history, the most deprived patients undergoing all-cardiac surgery in IMD Q3-5 had a significantly increased risk of reduced survival relative to IMD Q1, as shown in figure 4. Significant HRs were observed for patients in IMD Q2-5 undergoing isolated CABG, in IMD Q4-5 for isolated valve surgery, and in IMD Q5 for valve+CABG surgery. The proportional hazards assumption was not rejected in each procedure subgroup model, but for the all-cardiac surgery analysis, the proportionality assumption was rejected for one BMI spline coefficient ( p=0.007) and IMD Q3 ( p=0.037). Inferences about the IMD quintile effect sizes were robust to other parameterisations in BMI for this model. After refitting the model for all-cardiac surgery with the composite EuroSCORE replaced by its constituent risk factors (model coefficients not reported here), the study inferences remained unchanged, although the HRs for IMD quintile groups were consistently greater by up to 9%.
Postoperative length of stay
There were 5025 records with a missing PLOS data leaving a total of 235 196 records for analysis. The mean (SD) PLOS for all cardiac surgery was 9.7 (10.2) days and the median (first quartile, third quartile) PLOS was 7 (5-10) days. The average PLOS for the operation subgroups by IMD quintile are shown in table 2. Overall, 12.2% of patients had a prolonged PLOS. In the procedure subgroups it was 8.4% for CABG alone; 23.8% for CABG +valve; and 16.1% for valve surgery alone. As shown in figure 5 , patients in IMD Q3-5 undergoing all-cardiac surgery, isolated CABG surgery, or isolated valve surgery had a significantly increased risk of prolonged PLOS. For patients undergoing valve+CABG surgery, patients in Q4-5 were at an increased risk of prolonged PLOS.
DISCUSSION
This analysis of national data for patients undergoing cardiac surgery has demonstrated an important influence of social deprivation on outcomes and has described the landscape of social deprivation in England with respect to region. The proportion of patients in the most socially deprived group ranged from over one-third in the North East of England hospitals to less than one-tenth in the East of England. Following adjustment for logistic EuroSCORE, BMI and smoking history, patients undergoing cardiac surgery in the two most deprived quintiles had an increased risk of in-hospital mortality with patients in the three most deprived quintiles at risk of reduced survival. Patients in the three most social deprived groups were at a significant risk of prolonged PLOS.
Survival and postoperative length of stay
Analysis of the overall cohort demonstrated that social deprivation was a significant factor for in-hospital mortality, however, this finding was not consistent between operative groups. Social deprivation quintile had a significant effect on in-hospital mortality in patients undergoing CABG surgery but not in patients undergoing valve+CABG or valve surgery alone. The impact of social deprivation on the risk of in-hospital mortality may be as a result of an increased prevalence of unmeasured comorbidity or poor background health status in the more socially deprived groups. In patients undergoing valve surgery, these factors may be masked by the enhanced effect of measured comorbidity and increasing age.
Survival after all-cardiac surgery was reduced for the most socially deprived groups when compared with the least deprived groups. This relationship was demonstrated for all operative groups with the largest effect size seen in isolated CABG surgery. The fact that social deprivation appears to be a more significant predictor of longer term outcomes is not surprising. First, the analyses use the logistic EuroSCORE which was designed to predict in-hospital mortality for adjustment, meaning that most important risk factors deemed predictive of short-term outcomes are adjusted for. Second, the unmeasured comorbidity, or poor background health status that social deprivation likely represents, would be expected to impact more on midterm survival rather than in-hospital mortality.
Social deprivation also had a significant impact on PLOS with patients in the three most socially deprived groups having an increased risk of prolonged PLOS, and the median PLOS being 1 day longer for patients in IMD Q5. This effect could be explained by poor background health status in socially deprived patients, but is more likely to be as a result of factors requiring the input of social care services such as lack of family support, unavailability of transport or suitable accommodation for safe discharge.
Strengths and weaknesses of the study
The key strength of this study is that the analysis has been based on a large data set comprising nearly a quarter of a million patients over a 10-year period. Limitations include the fact that IMD score is based on geographical areas containing over 1000 people, meaning IMD scores may not accurately reflect the social deprivation status of Figure 4 Estimated hazard ratios for each IMD quintile group (relative to IMD Q1) of midterm all-cause mortality ( points) and 95% CIs (lines). Vertical red line denotes no effect (CABG, coronary artery bypass graft; IMD, index of multiple deprivation).
individual patients. IMD score is made up of several factors, and the exact reason why social deprivation is associated with adverse outcomes after cardiac surgery is unclear, but it is likely to be due to a range of factors, such as alcohol and substance abuse, poor diet, smoking, diabetes, and poor health education being more prevalent in patients from socially deprived areas. Like all retrospective analyses of observational registry data, missing data are inevitable, however, the NACSA has <2% missing data for most variables used in this study. Multiple imputation methodology could have been utilised, to address missing data, but as a result of previous work, 15 16 and because the levels of missing data were low, a more simplistic approach was used.
Cause of death is not recorded in the NACSA database, meaning it is not possible to comment on mode of death and how this may have been influenced by environmental factors, obesity, diabetes, smoking or access to healthcare. Detailed information on smoking status was not available with patients classified simply as never smoked or current/ex-smokers. The association between PLOS and social deprivation was limited to the binary outcome of prolonged PLOS which is a simplistic summary of an important outcome that is a proxy measurement for postoperative complications. The PLOS analysis is also limited because it does not differentiate between patients who died in-hospital or were discharged alive.
Comparison with previous studies Social deprivation may influence outcomes for many different reasons. Population studies have demonstrated that social deprivation is an independent risk factor for poorer outcome in terms of life expectancy, 17 18 control of risk factors contributing to cardiovascular disease, 19 and adverse outcomes in other areas of surgery. [20] [21] [22] In addition, socially deprived populations have a higher incidence of smoking, 23 diabetes mellitus, 24 and obesity. 25 Inequalities in access to healthcare based on socioeconomic status have been identified in other healthcare systems, but it is difficult to find the evidence for this in the UK with specific respect to cardiovascular disease. 26 Importantly, in our study, we have found that even when adjusting for smoking, BMI and EuroSCORE, social deprivation is still a significant risk factor.
Policy implications
The implication of the varying demands required to deliver appropriate care levels to differing social groups are that extra resources need to be funded to deliver a similar number of standard operation outcomes. This has national implications for planning and funding healthcare. Implementing public health policies aimed at more socially deprived patients who require cardiac surgery may improve outcomes. There are also important implications when trying to make comparisons between centres in terms of patient outcomes when it has been demonstrated that social deprivation, a risk factor generally not accounted for in risk adjustment models, is an independent predictor of outcomes.
Further research
A further development of this work would be to explore whether the inclusion of social deprivation improves the performance of risk prediction models. In this study, we demonstrated that only small improvements in discrimination are observed by including social deprivation, but model goodness-of-fit has not been assessed. Analysis of other outcomes following cardiac surgery, including cerebrovascular accident, myocardial infarction, and freedom from recurrence of symptoms would also be of interest. Exploring how cause of death following cardiac surgery correlates with IMD quintile would be useful, although this is unlikely to be feasible in the near future, as existing databases do not currently record information on cause of death. The development of tools to examine temporal trends in the social deprivation of patients undergoing cardiac surgery would be useful for assessing the impact of healthcare changes and public health interventions.
Conclusions
The social deprivation of patients undergoing cardiac surgery in England varies by region. Patients from areas of high social deprivation are at an increased risk of adverse outcomes following cardiac surgery, including in-hospital mortality, PLOS and postdischarge survival. This study may have implications for the provision of cardiac surgical services, as centres that deliver care to more socially deprived areas are likely to have a greater burden on their resources. The influence of social deprivation on comparative outcome analyses may also need to be considered. 
